Objective-Regulatory complexes comprising myocardin and serum response factor (SRF) are critical for the transcriptional regulation of many smooth muscle-specific genes. However, little is known about the epigenetic mechanisms that regulate the activity of these complexes. In the current study, we investigated the role of SWI/SNF ATP-dependent chromatin remodeling enzymes in regulating the myogenic activity of myocardin. Methods and Results-We found that both Brg1 and Brm are required for maintaining expression of several smooth muscle-specific genes in primary cultures of aortic smooth muscle cells. Furthermore, the ability of myocardin to induce expression of smooth muscle-specific genes is abrogated in cells expressing dominant negative Brg1. In SW13 cells, which lack endogenous Brg1 and Brm1, myocardin is unable to induce expression of smooth muscle-specific genes. Whereas, reconstitution of wild-type, or bromodomain mutant forms Brg1 or Brm1, into SW13 cells restored their responsiveness to myocardin. SWI/SNF complexes were found to be required for myocardin to increase SRF binding to the promoters of smooth muscle-specific genes. Brg1 and Brm directly bind to the N terminus of myocardin, in vitro, through their ATPase domains and Brg1 forms a complex with SRF and myocardin in vivo in smooth muscle cells. Conclusion-These data demonstrate that the ability of myocardin to induce smooth muscle-specific gene expression is dependent on its interaction with SWI/SNF ATP-dependent chromatin remodeling complexes. (Arterioscler Thromb Vasc Biol. 2009;29:921-928.)
S mooth muscle cells are important contractile components of the cardiovascular system that regulate blood pressure and flow. Vascular smooth muscle cells modulate their phenotype in response to extracellular cues during the development and progression of a variety of diseases including atherosclerosis and hypertension. These diseases are associated with decreased expression of proteins required for the normal contractile function of smooth muscle cells. 1 Understanding the mechanisms that control expression of contractile and regulatory proteins in smooth muscle cells is, therefore, an essential step toward determining how these processes are altered in pathological conditions. The interaction of serum response factor (SRF) with the coactivator myocardin is a critical determinant of vascular smooth muscle development. 2, 3 Myocardin null mice lack differentiated smooth muscle cells in the dosal aorta and placental vasculature and die around E10. 2 Myocardin is thus critically required for the differentiation of these populations of vascular smooth muscle cells. Myocardin does not bind directly to DNA, but interacts with genes via its binding to SRF through a basic domain and polyglutamine-rich (poly Q) domain in myocardin. Myocardin-bound SRF binds to CArG elements within the promoters of many smooth musclespecific genes 4 and myocardin activates transcription of these genes through a strong transcriptional activation domain at its C terminus. 5 However, although myocardin is a potent activator of CArG box-containing cardiac and smooth muscle-specific genes, it poorly activates SRF-dependent skeletal muscle-specific genes or early response genes such as c-fos or Egr-1, 3 yet how myocardin distinguishes smooth musclerestricted genes from other SRF-dependent genes still remains elusive.
The dependence of myocardin on promoter-bound SRF poses an interesting problem, as there is little SRF bound to the promoters of smooth muscle-specific genes in nonmuscle cells, 6 yet myocardin can induce expression of smooth muscle-specific genes in these cells. 3 Myocardin also increases SRF binding to the promoters of smooth musclespecific genes within intact chromatin, 6 although the mechanism underlying this phenomena is unknown. We hypothesized that ATP-dependent chromatin remodeling may be required for these functions of myocardin, allowing it to increase SRF binding to the promoters of smooth musclespecific genes within chromatin. Recent studies of ATPdependent remodeling enzymes have highlighted crucial roles for these proteins in diverse developmental processes. 7 Mammalian ATP-dependent chromatin-remodeling enzymes belong to the SNF2 family of DNA-dependent ATPases, which all have a helicase-like ATPase domain. The bestcharacterized mammalian ATP-dependent chromatinremodeling complex is the SWI/SNF complex. 7 Brahma (Brm) or Brahma-like gene 1 (Brg1) are the ATPase subunits of the SWI/SNF complex. These proteins have been shown to activate or repress expression of genes during myeloid differentiation, erythropoiesis, adipogenesis, skeletal muscle myogenesis, liver development, and gliogenesis (reviewed in 7 ). Recently we have also shown that Brg1 and Brm are required for myocardin related transcription factor A (MRTFA) to induce smooth muscle-specific genes in nonmuscle cells. 8 However, as MRTFA knockout mice do not exhibit any major vascular defects, 9 the importance of MRTFA-SWI/SNF interactions in vascular smooth muscle cells is not clear.
In the current study we found that Brg1 and Brm are essential for maintaining expression of smooth musclespecific genes in vascular smooth muscle cells. Brg1/Brm are required for the ability of myocardin to induce expression of smooth muscle-specific genes and to increase SRF binding to the promoters of these genes. We found that Brg1 forms a complex with myocardin and SRF in vivo and directly binds to myocardin in vitro through its ATPase domain. Together, our data demonstrate that SWI/SNF ATP-dependent chromatin remodeling complexes are required for differentiation of vascular smooth muscle cells.
Materials and Methods
A detailed methods section is included in the supplemental material (available online at http://atvb.ahajournals.org). For adenoviral expression, Brg1 cDNAs were cloned into pShuttle (Clontech). All promoter reporter genes were constructed by cloning fragments of promoters into the pGL 2 B luciferase vector (Promega) as described previously. 10, 11 Primary mouse aortic smooth muscle cells were prepared from aorta dissected from 4-week-old mice essentially as described previously. 8 For knockdown experiments primary cells were replated at 7ϫ10 4 per well in 12-well plates. 12 hours after plating, cells were transfected with predesigned Dharmacon siRNA pools targeting Brg1 or Brm, as well as a control siRNA pool at final concentration of 50 nmol/L using Lipofactamine 2000 (Invitrogen). 36 hours after transfection, mRNA was harvested and gene expression measured by quantitative real-time RT-PCR with respective gene-specific primers (see supplemental Table I ). Chromatin immunoprecipitation assays, protein coimmunoprecipitation, and GST pull-down assays were performed as described previously. 8, 12 
Results

Depletion of Endogenous Brg1 and Brm in Aortic SMCs Attenuates Expression of Smooth Muscle-Specific Genes
Previously we have shown that the ATP-dependent chromatin remodeling enzymes, Brahma-Related Gene 1 (Brg1) and Brahma (Brm) play an important role in balancing the ability of MRTFA to regulate expression of SRF-dependent smooth muscle-specific genes and immediate early genes. 8 However, as MRTFA knockout mice have not been reported to exhibit any vascular defects, 9 the importance of MRTFA-SWI/SNF interactions in vascular SMCs is not clear. We therefore examined the functional role SWI/SNF in vascular SMCs. siRNA-mediated knockdown of Brg1 or Brm in primary mouse aortic SMCs attenuated expression of telokin, calponin, and smooth muscle myosin heavy chain (SM MHC), late markers of smooth muscle differentiation, by approximately 40%. In contrast, knockdown of Brg1 or Brm had a lesser effect on expression of the early markers of smooth muscle differentiation, SM22␣, or SM ␣-actin ( Figure 1 ). Silencing Brg1 also led to a 30% reduction in expression of endogenous Brm although Brm knockdown did not affect Brg1 expression. This is not a result of cross reactivity of siRNA molecules as similar results were obtained with multiple siRNA duplexes, with DN-Brg1 and in Brg1 knockout cells (data not shown), suggesting that Brm expression is at least partially dependent on Brg1 in smooth muscle cells. Surprisingly, knockdown of both Brg1 and Brm together did not result in any further attenuation of smooth muscle-specific genes, as compared to knockdown of either protein alone ( Figure 1 ). These data suggest that Brg1 or Brm are important for maintaining expression of genes that are late differentiation markers of vascular SMCs.
DN-Brg1 Represses Activation of Smooth Muscle-Specific Genes by Myocardin
As myocardin has been shown to be critical for vascular smooth muscle differentiation, we next sought to determine whether myocardin requires SWI/SNF to induce expression of smooth muscle-specific genes. For these experiments we used 10T1/2 embryonic fibroblasts and primary cultures of aortic smooth muscle cells, 2 well-established systems in which myocardin has been shown to induce expression of smooth muscle-specific genes. To inhibit SWI/SNF activity, cells were transduced with adenovirus expressing an ATPasedeficient mutant of Brg1 (K798R) that acts as a dominant negative. 13 Consistent with previous reports, adenoviralmediated expression of myocardin in 10T1/2 and primary aortic SMC cells resulted in induction of endogenous telokin, smMHC, calponin, SM22␣, and SM ␣-actin mRNA ( Figure  2A and 2B). Expression of dominant negative Brg1 significantly attenuated the induction of telokin, smMHC, calponin, and SM22␣ by myocardin in 10T1/2 cells and aortic SMCs ( Figure 2 ). In contrast, DN-Brg1 slightly augmented the ability of myocardin to activate SRF itself and did not significantly affect the activation of c-fos in aortic SMC ( Figure 2B ). Similar results were also seen in NIH3T3 cells induced to express a dominant negative Brg1 (supplemental Figure I ). Interestingly DN-Brg1 also attenuated the ability of myocardin to induce the expression of the cardiac-specific ANF and cardiac ␣-actin genes in 10T1/2 cells ( Figure 2A ).
Previous reports have shown that transient overexpression of wild-type Brg1 can increase the activity of SWI/SNFdependent reporter genes, whereas expression of a dominant negative Brg1 decreases the activity of these reporter genes through formation of inactive SWI/SNF complexes. 14, 15 We therefore determined whether DN-Brg1 could directly affect the ability of myocardin to activate the telokin and SM22␣ promoters. Luciferase reporter assays revealed that overexpression of DN-Brg1 in NIH3T3 cells attenuated myocardin's activation of telokin and SM22␣ promoter reporter constructs (supplemental Figure I) . Taken together, data presented here demonstrate that dominant negative Brg1 can attenuate the ability of myocardin to induce expression of many smooth muscle-specific genes in both nonmuscle and smooth muscle cells. In contrast, dominant negative Brg1 either did not affect or augmented the ability of myocardin to activate other SRF target genes such as SRF itself or c-fos.
Induction of Endogenous Smooth Muscle-Specific Genes by Myocardin Requires Brg1/Brm ATPase Activity but Does Not Require Their Bromodomains
To formally confirm that the ATPase activity of Brg1 and Brm is required to support the myogenic activity of myocardin we used SW13 cells, an adenocarcinoma cell line that expresses no endogenous Brg1 or Brm 16 (Figure 3 ). In these cells myocardin fails to induce expression of most smooth muscle-specific proteins ( Figure 3A and 3B, left 4 lanes). Only SM ␣-actin induction could be detected. Cotransfection of SW13 cells with myocardin together with wild-type Brg1 or Brm expression plasmids restored the ability of myocardin to induce expression of smooth muscle-specific proteins such as SM22␣, telokin, and smMLCK ( Figure 3 ). In contrast, the dominant negative ATPase-deficient Brg1 could not restore the myogenic activity of myocardin ( Figure 3A , "DN" lanes). Both Brg1 and Brm contain a bromodomain toward their C termini that has been shown to be able to interact with acetylated histones. 17 To determine whether Brg1/Brmacteylated histone interactions are important for supporting the myogenic activity of myocardin, mutant Brg1/Brm molecules were generated that either completely lacked the C terminus, including the bromodomains or that harbored 2 specific amino-acid mutations within the bromodomain (Brg1 FN 1506 -7 ϪAA, Brm FN 1481-2 ϪAA). Mutation of these residues has been previously shown to inhibit the binding of Brg1 to acetylated histones. 17 These mutants were able to support the myogenic activity of myocardin similar to the wild-type molecules, indicating that the bromodomains of Brg1 or Brm are not required for this activity (Figure 3 ). These data also demonstrate that both Brm and Brg1 have similar abilities to support the myogenic activity of myocardin ( Figure 3B , compare the Brg1 WT lanes to the Brm WT lanes). Although identical amounts of myocardin plasmid were used in all cotransfections, the resultant myocardin expression levels varied depending on which Brg1/Brm plasmid was cotransfected into the cells (Figure 3 ). This likely reflects differences in transfection efficiencies of specific plasmid mixtures. In general, the extent of induction of smooth muscle-specific genes by myocardin reflected the relative levels of myocardin expression. However, in cells transfected with the DN-Brg1 even high levels of myocardin failed to induce expression of Transcript levels were first normalized to hprt internal loading control and then normalized to their respective YFP control group. RQϭ2 Ϫ⌬⌬Ct and ⌬⌬C t ϭ(C t experimental ϪC t hprt )Ϫ(C t control ϪC t hprt ). Data presented are the meanϮSEM of 6 samples obtained from 2 independent experiments. B, Primary mouse aortic smooth muscle cells were transduced by DN-Brg1 or YFP control adenovirus with or without myocardin adenovirus as described in A (transduction efficiency of these cells was approximately 50% to 60%). 36 to 48 hours after transduction, cells were lysed, mRNA harvested, and transcript levels analyzed as described above. Data presented are the meanϮSEM of 3 samples obtained from 1 experiment. Similar results were obtained in a replicate experiment. smooth muscle-specific genes ( Figure 3A ). This latter finding further demonstrates that the ATPase activity of Brg1 is required to support the myogenic activity of myocardin.
DN-Brg1 Inhibits the Ability of Myocardin to Increase SRF Binding to the Promoters of Smooth Muscle-Specific Genes
Previous studies have shown that in nonmuscle cells there is little SRF bound to the promoters of smooth muscle-specific genes, but introduction of myocardin into these cells leads to increased SRF binding. 6 Similarly we have previously shown that MRTFA increases SRF binding to the promoters of smooth muscle-specific genes, and this process is attenuated by DN-Brg1. 8 We thus sought to determine whether Brg1 is also required for myocardin to increase SRF binding to the promoters of smooth muscle-specific genes within intact chromatin. In agreement with previous reports, 6 using quantitative ChIP assays we observed enhanced SRF binding to the telokin, SM22␣, and SM ␣-actin promoters but not the c-fos and SRF promoters after myocardin transduction into NIH 3T3 cells ( Figure 4A ). Expression of DN-Brg1 attenuated this myocardin-induced increase in SRF binding to the telokin and SM22␣ promoters without significantly affecting SRF binding to the SM ␣-actin, SRF, and c-fos promoters ( Figure 4B ). ChIP assays in differentiated primary SMCs also revealed Brg1 binding to the promoters of smooth musclespecific genes under control conditions ( Figure 4C ). In addition, expression of DN-Brg1 in differentiated SMCs significantly inhibited the binding of endogenous SRF to the promoters of the telokin and SM MHC gene but not the SRF or SM22␣ genes ( Figure 4D ). These data are consistent with expression data shown in Figure 1 , which demonstrate that the later markers of smooth muscle differentiation such as telokin and smMHC are most dependent on Brg1/Brm.
Brg1, Myocardin, and SRF Form a Complex In Vivo
To determine whether Brg1 interacts with myocardin/SRF complexes in vivo, immunoprecipitation assays were performed from COS cells transduced with adenoviruses encoding myocardin and SRF ( Figure 5A ). Brg1 immunoprecipitates were found to also contain myocardin and SRF. Similarly, SRF immunoprecipitates also contained Brg1 and myocardin. In rat aortic A10 SMCs, myocardin immunoprecipitates also contained SRF and Brg1 ( Figure 5B ). These data suggest that, either Brg1, myocardin, and SRF exist in a single complex in vivo or that Brg1 binds to both myocardin and SRF. To distinguish these possibilities coimmunoprecipitation assays were performed using proteins generated in vitro. Results from these experiments demonstrated that Brg1 and Brm directly bind to myocardin but not to SRF ( Figure  5C,D) . When Brg1 or Brm were incubated with myocardin they could be coimmunoprecipitated with myocardin. In contrast, when Brg1 or Brm were incubated with SRF they were not coimmunoprecipitated with SRF. No endogenous SRF, myocardin, and Brg1 were detected in the in vitro translation reaction system (data not shown). 
The ATPase Domain of Brg1 Binds to N Terminus of Myocardin
Coimmunoprecipitation assays using in vitro transcribed and translated myocardin and fragments of Brg1 revealed that the region from amino acids 837 to 1446 of Brg1 binds to myocardin (supplemental Figure II) . To further resolve the myocardin binding site within this region, an additional series of Brg1 deletion mutants were generated, expressed in bacteria, and used in GST-pulldown assays with the N terminus of myocardin as bait (supplemental Figure II) . These assays demonstrate that the ATPase domain of Brg1 extending from amino acids 767 to 931 is sufficient to bind to myocardin. Interestingly this region is 94% identical between Brg1 and Brm, consistent with our observations that both of these molecules can bind to myocardin ( Figure 5C and 5D ). GST-pulldown assays were also performed to determine which portion of myocardin interacts with Brg1 (supplemental Figure II) . Data from these experiments demonstrated that Brg1 interacts with the N-terminal portion of myocardin, with the region spanning the basic and poly Q domains (myo ⌬2-GST in supplemental Figure IIe) having the highest apparent affinity. The GST-pulldown assays also confirm that Brg1 does not directly bind to SRF, whereas Barx2 can be readily detected bound to GST-SRF fusion proteins, as reported previously. 12
Discussion
Our data demonstrate that the ability of myocardin to induce expression of most smooth muscle-specific genes is regulated by the activity of the SWI/SNF ATP-dependent chromatin remodeling complex. We suggest a model in which myocardin associates with the SWI/SNF complex through direct binding to the Brg1 or Brm ATPase subunit. This association is required for myocardin to increase SRF binding to the promoters of smooth muscle-specific genes within intact chromatin, thereby leading to activation of these genes during differentiation of vascular smooth muscle cells.
Although Brg1/Brm-containing SWI/SNF complexes are required for myocardin to induce expression of many smooth muscle-specific genes, the induction of SM ␣-actin by myocardin was largely independent of SWI/SNF (Figure 1 to 3 and supplemental Figure 1 ). In addition, in SW13 cells that lack Brg1 and Brm, myocardin was still able to induce SM ␣-actin expression ( Figure 3A ). This correlates with the relatively high basal levels of SM ␣-actin expression in many of these cells in the absence of added myocardin. Thus it is likely that the SM ␣-actin promoter is already in an active transcriptionally favorable conformation in the absence of myocardin. This may suggest that the SWI/SNF complex is dispensable for myocardin-induced activation of genes, such as SM ␣-actin, in cells in which these genes are already transcriptionally active. In contrast, SWI/SNF activity is required for myocardin to induce expression of genes that are otherwise transcriptionally silent in a given cell type. Similar to SM ␣-actin, expression of SM22␣ in primary smooth muscle cells was found to be largely independent of Brg1. This may also reflect the contribution of myocardinindependent pathways in driving chromatin remodeling and transcription of the SM22␣ locus in smooth muscle cells. For example, both SM ␣-actin and SM22␣ can be induced by TGF␤ in 10T1/2 cells by a myocardin-independent pathway. 18, 19 This model is, however, likely to be an oversimplification, as in primary cultures of mouse aortic smooth muscle cells we observed that the myocardin-induced increase in expression of smooth muscle-specific genes was at least partially attenuated by DN-Brg1 ( Figure 2B ). As all of . DN-Brg1 blocks the ability of myocardin to increase SRF binding to the promoters of smooth muscle-specific genes within chromatin. A and B, B22 cells (an NIH3T3 cells line that inducibly express DN-Brg1 in response to tetracycline withdrawal 13 ) grown in the presence (control) or absence (induced DN-Brg1) of tetracycline were transduced with myocardin or YFP control adenovirus. After 30 hours, cells were fixed and harvested for chromatin immunoprecipitation assays. Chromatin was precipitated using an antibody against SRF or using IgG negative control. The precipitated genomic DNA was purified and the presence of the promoters of SRFdependent genes measured by real-time PCR using gene specific primers. 8 A, The increase in SRF binding in samples transduced with myocardin is indicated relative to those transduced with YFP. These data were calculated and normalized to input levels as follows: Relative SRF bindingϭ2 Ϫ⌬⌬Ct , with ⌬⌬C t ϭ(C t myocardin ϪC t input )Ϫ(C t YFP ϪC t input ). B, The relative inhibition of myocardin-induced SRF binding by DN-Brg1 is shown. This was calculated as follows: Relative SRF bindingϭ2 Ϫ⌬⌬Ct , with ⌬⌬C t ϭ (C t DN-Brg1ϩMyocardin ϪC t input )Ϫ(C t YFPϩMyocardin ϪC t input ). Data shown in A and B are the meanϮSEM of 7 samples obtained from 3 independent experiments. A 1-way t test was performed, and the asterisks indicate the results that are statistically different from 1 (PϽ0.05). C and D, Primary colon smooth muscle cells were prepared from 4-week-old mice. The cells were transduced by DN-Brg1 or YFP control adenovirus. After 36 hours, cells were fixed and harvested for chromatin immunoprecipitation assays as above. C, The relative Brg1 binding to several SRF-dependent genes in control primary smooth muscle cells is shown. The Brg1 binding to promoters was normalized to IgG control. The relative Brg1 binding was calculated as RQϭ2 Ϫ⌬Ct , with ⌬C t ϭC t Brg1 ϪC t IgG . D, The relative inhibition of SRF binding by DN-Brg1 is shown. The inhibition of SRF binding by DN-Brg1 is calculated as, RQϭ2 Ϫ⌬⌬Ct , with ⌬⌬C t ϭ(C t DN-Brg1 ϪC t input )Ϫ(C t YFP ϪC t input ). Data presented are the meanϮSEM of 4 samples.
the genes examined were expressed before myocardin overexpression, this may suggest that even if a gene is transcriptionally active, SWI/SNF induced changes in chromatin can further augment the myogenic activity of myocardin.
Domain mapping experiments suggest that Brg1 and Brm interact with the region of myocardin that spans the SRF interaction domain (basic and poly Q region). Despite the overlapping binding sites, coimmunoprecipitation studies show that myocardin is present in a complex that includes both Brg1 and SRF within intact cells. The Brg1 binding site in myocardin is present in both the long cardiac-selective isoform (1-935) and the shorter smooth muscle-selective isoform (80-935). These results suggest that both cardiac-and smooth muscle-selective myocardin isoforms will interact with and be regulated by SWI/SNF. In support of this proposal, the myogenic activity of both the cardiac myocardin (supplemental Figure I) , and the smooth muscle myocardin (Figures 2 to 3) was attenuated by dominant negative Brg1. In addition, the ability of myocardin to induce expression of cardiac-specific genes in 10T1/2 cells was also attenuated by DN-Brg1. These observations suggest that the myogenic activity of myocardin both in the heart and in vascular SMCs is regulated by SWI/SNF.
Results from experiments in which we reconstituted Brg1 or Brm expression in SW13 cells suggest that either wild-type Brg1 or Brm containing SWI/SNF complexes are equally effective at supporting the myogenic activity of myocardin ( Figure 3 ). In addition, knockdown of either Brg1 or Brm in aortic SMCs attenuated expression of smooth muscle-specific genes (Figure 1) , and both Brg1 and Brm can directly bind to myocardin in vitro ( Figure 5C and 5D ). These data suggest that Brg1 or Brm containing SWI/SNF complexes may both play important roles in smooth muscle cells. In contrast to myocardin, the LIM domain protein CRP2 has recently been shown to interact specifically with Brg1, but not Brm, to induce expression of smooth muscle-specific genes in cardiomyocytes. 20 Despite the ability of either Brg1 or Brm to support the myogenic activity of myocardin in SW13 cells, knocking-down both Brg1 and Brm in smooth muscle cells did not result in any further attenuation of smooth muscle-specific genes as compared to knockout of either protein alone (Figure 1) . The lack of an additive effect of the double knockdown may suggest that Brg1-and Brm-containing SWI/SNF complexes act together in smooth muscle cells to regulate myocardin. This must, however, be interpreted with caution, as knockdown of Brg1 also attenuated expression of Brm. Further studies analyzing tissue specific single or double knockouts of Brg1 and Brm, in vivo, will be required to clarify the role of individual SWI/SNF complexes in regulating smooth muscle differentiation.
In addition to ATP-dependent chromatin remodeling complexes, enzymes that covalently modify histones are important to mediate myocardin activation of smooth musclespecific genes. 21, 22 For example, myocardin has been shown to bind to p300 and to promote acetylation of histones associated with the promoters of smooth muscle-specific genes. 6, 21 As the bromodomains of Brg1 and Brm are known to bind to acetylated histones, we initially speculated that myocardin-recruited HAT activity may help recruit SWI/SNF to promote transcriptional activation of genes in smooth muscle cells. However, data showing that the bromodomains of Brg1 and Brm are not important for supporting the myogenic function of myocardin argue against this proposal (Figure 3) . Similarly, it is unlikely that direct DNA binding by the AT-hook domain of Brg1 or Brm is required to recruit myocardin to chromatin, as the C-terminal truncation of Brm that we analyzed also lacks this domain 23 yet was still able to support the myogenic activity of myocardin (Figure 3) .
In skeletal muscle, weak binding of MyoD to the myogenin promoter via MyoD interactions with Pbx facilitates SWI-SNF recruitment through direct binding of MyoD and Brg1. 24, 25 Chromatin remodeling by SWI/SNF then facilitates tight binding of MyoD to the E box within the myogenin promoter, resulting in promoter activation and skeletal muscle cell differentiation. By analogy we propose a model in which in undifferentiated SMCs or in nonmuscle cells, SRF has a low binding affinity for CArG box elements in the promoters of smooth muscle-specific genes within intact chromatin. Little transcription activity of smooth musclespecific genes, such as telokin and SM-MHC, thus occurs in these cells. To induce smooth muscle differentiation, myocardin complexed with p300 and SWI/SNF and interacts with SRF weakly bound to the promoters of smooth musclespecific genes. SWI/SNF binding to the promoter regions then leads to ATP-dependent chromatin remodeling and rearrangement of the nucleosomes that facilitates tight bind- Figure 5 . Myocardin, SRF and Brg1 form a complex in vivo, and Brg1 binds directly to myocardin in vitro. A, COS cells were transduced with HA-tagged myocardin and HA-tagged SRF adenovirus. After 24 hours, nuclear protein was harvested and proteins were immunoprecipitated using Brg1, SRF, or control IgG antibodies, as indicated. Immunoprecipitated proteins were identified by Western blotting using antibodies against Brg1 or the HA-epitope tags on myocardin and SRF as indicated at the right of the blot. B, A10 SMCs were transduced with omnitagged myocardin for 24 hours. Nuclear protein was harvested and subsequently immunoprecipitated using myocardin or control IgG antibody. C, SRF, myocardin, and Brg1 or Brm (D) were transcribed and translated in vitro, and the expressed proteins were then incubated together (SRFϩBrg1/Brm or myocardinϩ Brg1/Brm) as indicated at the top of the blots. Protein mixtures were immunoprecipitated with myocardin, SRF, or IgG control antibodies, as indicated below the blots. The precipitated proteins were analyzed by Western blotting, using antibodies indicated at the right of the blots. On all blots "input" lanes represent 10% of the inputs that were mixed together and used for immunoprecipitates.
ing of SRF. This may also allow binding of additional activators to the adjacent DNA segments. These activators, together with the SRF/myocardin/p300 complex, can then further modify chromatin to facilitate recruitment of general transcriptional factors, including RNA polymerase II, resulting in transcriptional activation of smooth muscle-specific genes.
